In this paper, we study two sets of local geomagnetic indices from 26 stations using the principal component (PC) and the independent component (IC) analysis methods. We demonstrate that the annually averaged indices can be accurately represented as linear combinations of two first components with weights systematically depending on latitude. We show that the annual contributions of coronal mass ejections (CMEs) and high speed streams (HSSs) to geomagnetic activity are highly correlated with the first and second IC.
Abstract.
In this paper, we study two sets of local geomagnetic indices from 26 stations using the principal component (PC) and the independent component (IC) analysis methods. We demonstrate that the annually averaged indices can be accurately represented as linear combinations of two first components with weights systematically depending on latitude. We show that the annual contributions of coronal mass ejections (CMEs) and high speed streams (HSSs) to geomagnetic activity are highly correlated with the first and second IC.
The first and second ICs are also found to be very highly correlated with the strength of the interplanetary magnetic field (IMF) and the solar wind speed, respectively, because solar wind speed is the most important parameter driving geomagnetic activity during HSSs while IMF strength dominates during CMEs. These results help in better understanding the long-term driving of geomagnetic activity and in gaining information about the long-term evolution of solar wind parameters and the different solar wind structures.
Introduction
Geomagnetic activity is produced in the interaction between the solar wind and the Earth's magnetic field. It has been studied systematically since the late 19th century using different geomagnetic indices. Most common geomagnetic indices are global indices such as aa, Kp/Ap, Dst and AE, which are constructed from local indices, e.g., as weighted or normalized averages. For example, the Kp index is calculated from local K indices of 13 magnetic observatories located at midlatitudes and subauroral latitudes. Local geomagnetic indices are mainly used to derive global indices but the differences between local indices are rarely studied. This is surprising since there are over 200 magnetic observatories around the world continuously producing magnetic measurements, but the state of the Earth's magnetic field is often described by just one globally averaged number.
It has been known for a long time that global geomagnetic activity (measured, e.g., by the aa index) exhibits a dual peak structure during the solar cycle [Chapman and Bartels, 1940; Newton, 1948] , the first peak during the solar maximum dominated by transient activity and the second peak during the declining phase related to recurrent activity. Later it became clear that the first peak is mainly produced by coronal mass ejections (CMEs) and the second peak mainly by high speed streams (HSSs) [Simon and Legrand , 1986; Gosling et al., 1991] . It is now known that there are significant differences between CME and HSS-related geomagnetic activities. E.g., CMEs are responsible for the largest geomagnetic storms [Borovsky and Denton, 2006] while HSSs dominate substorm activity [Tanskanen et al., 2005] . Because of these differences, one can expect that average geomagnetic activity over suitably long time intervals can be decomposed into two components, one related to CME activity and the other related to HSS activity. Richardson et al. [2000 Richardson et al. [ , 2002 have identified times when CMEs and HSSs were present in the solar wind at 1 AU and studied the contributions of CMEs and HSSs to the aa index. They found that during solar maximum most aa activity is related to CMEs while during declining phase and solar minimum most aa activity is related to HSSs. Feynman [1982] decomposed the annual aa index into two components, the 'R' component being linearly related to the sunspot number and the residual 'I' component defined as I = aa -R. While the R component is mainly produced by the CMEs the I component is more closely related to HSSs. This decomposition is reasonable, but it assumes, e.g., that the CME contribution to geomagnetic activity strictly follows the sunspot number, which is poorly valid around solar maxima [Richardson and Cane, 2012] .
Recently we used the principal component analysis (PCA) method to extract information on the solar wind drivers of annually averaged geomagnetic activity using a set of local A h indices [Holappa et al., 2014] . We found that the first principal component (PC1)
represents the global average of the A h indices and correlates almost perfectly with the Ap index and that the second principal component (PC2) highly correlates with the annual fraction of high speed streams in the solar wind. The PCA method, however, does not decompose geomagnetic activity into pure CME and HSS components. For example, the first PC representing global geomagnetic activity is a mixture of CME and HSS effects, which both contribute significantly to global geomagnetic activity [Richardson and Cane, 2012] .
In this paper we develop the method further and show that the spatio-temporal information included in local indices of geomagnetic activity can be used to extract information
about the independent contributions of HSSs and CMEs on geomagnetic activity without any external information about, e.g., solar activity or solar cycle phase. We also use this information to study the contributions of the two main solar wind parameters, the solar wind speed and the interplanetary magnetic field (IMF) intensity, to geomagnetic activity. This paper is organized as follows. Section 2 introduces the A h and IHV (Inter-hourly Variability) indices used in this study. In Section 3 the principal component analysis (PCA) method that we used earlier [Holappa et al., 2014] is briefly reviewed and applied to A h and IHV indices. The principal components are then processed using the independent component analysis (ICA) method in Section 4. The relation of the two first independent components (ICs) to solar wind speed and IMF intensity, as well as to CME and HSS fractions is discussed in Section 5. Finally, conclusions are given in Section 6.
Local geomagnetic indices and other data
We use two different measures of local geomagnetic activity: the A h index [Mursula and Martini , 2007] and the IHV index [Svalgaard and Cliver , 2007] . The three-hourly A h index is analogous to Ak, the linearized K index [Bartels et al., 1939] , calculated from hourly data as the range of variation of the local horizontal magnetic field after removing the quiet day (Sq) variation. However, the quiet day variation cannot be fully removed from the data by any method and some amount of residual quiet day variation also remains in the A h indices. In order to exclude the possibility that the residual Sq variation affects our results based on the A h indices we also use IHV indices which are calculated using only local night sector data and are thus practically unaffected by Sq variation. The daily IHV index is defined as the average of six absolute hourly differences of the local horizontal magnetic field around local midnight [Svalgaard and Cliver , 2007] . 
where A h is the mean and σ the standard deviation of the annually averaged A h . We calculate the standardized annual mean IHV s indices in the same way. Standardized annual means are then collected into the columns of the data matrix X (size 46 × 26).
PCA can be evaluated using the singular value decomposition of the data matrix (see, e.g., Hannachi et al., 2007 )
where U and V are orthogonal matrices (U U The principal components are obtained as the column vectors of the 46 × 26 matrix
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The original variables can then be approximated as a linear combination of the K first principal components with weights given by EOFs as
where X ij is the value (standardized A h index) of the jth variable (station) at the observation time (year) i. The variance of the kth PC is proportional to λ 2 k . Hence, the K first PCs include the following percentage
( 5) of the variance in the original variables. global average are not very large especially for stations whose EOF2 coefficients are close to zero (see Fig. 2 ). However, the auroral stations at 65
The first PC
with the greatest positive EOF2 coefficients can notably differ from the global average.
For example, the absolute difference between IHV s (FCC) and the global mean of IHV s indices (Fig. 4b) can be more than one (standard deviation), which is a large difference for annual means.
As noted earlier [Holappa et al., 2014] PC2(Ah) is very highly correlated (cc = 0.82; p = 4.6 · 10 −12 ) with the annual time fraction of high-speed streams in solar wind. This can also be seen in Fig. 3 which shows the annual fraction of HSSs in solar wind according to the classification of solar wind into three flow types [Richardson and Cane, 2012] . Figure   3 also shows the corresponding annual fractions of CMEs which are highly anticorrelated with the HSS fractions. Consequently, PC2(Ah) is anticorrelated with the CME fraction (cc = -0.67; p = 3.5 · 10 −7 ). PC2(IHV) is also very highly correlated with the HSS fraction (cc = 0.79, p = 8.2 · 10 −11 ) and anticorrelated with the CME fraction (cc = -0.83; p = 9.7 · 10 −13 ). during CMEs is almost the mirror image of the HSS distribution. The IHV s indices during CMEs and HSSs (Fig. 5b) show roughly the same patterns as the corresponding A hs indices. Also the EOF2(IHV) (see Fig. 2b ) resembles the EOF2(Ah) (see Fig. 2a) and matches with the distribution of the IHV s indices during HSSs (see Fig. 5b ).
Because the second PCs of the A hs and IHV s indices correlate (anticorrelate) with the HSS (CME) fraction and the second EOFs match with the latitudinal distributions of the indices during HSSs (CMEs), one can conclude that PC2 is (mainly) caused by the latitudinally different response of local geomagnetic activity to CMEs and HSSs. Figure   5 shows [Holappa et al., 2014] that the relative contribution of HSS driven substorms maximizes at the auroral latitudes while the relative effect of CME driven substorms maximizes at subauroral latitudes (where substorms are observed especially during magnetic storms [Tanskanen et al., 2002; Hoffman et al., 2010] ), which explains the subauroral minimum and the auroral maximum of EOF2. Since IHV s indices only measure geomagnetic activity at the night sector, i.e., at the preferred local time (LT) sector of substorms, they are more sensitive to substorms (and therefore to HSSs) than the A hs indices. This explains the slightly larger variation of IHV s (HSSs) between the auroral maximum and the subauroral minimum (see Fig. 5b ).
This also explains why EOF2(IHV) shows a higher auroral maximum than EOF2(Ah) (see Fig. 2 and discussion later). The basic idea of the independent component analysis (ICA) is analogous to that of the principal component analysis: initially dependent variables are presented as a linear combination of statistically independent components. There are numerous ways to perform ICA (see, e.g., Hyvärinen et al., 2001 ), but we use here the FastICA software package (Hyvärinen [1999] , http://research.ics.aalto.fi/ica/fastica/).
Independent component analysis method
While the principal components obtained by the PCA method are uncorrelated, they are not necessarily statistically independent. Actually, only if the principal components are Gaussian their uncorrelatedness also guarantees their statistical independence. To see if the two first principal components are independent or not, we first standardize them to unit variance by dividing them by their standard deviations σ 1 and σ 2 . Using matrix notation the standardized PCs are the columns of the matrix
where the 46 × 2 matrix P 2 contains the two first columns of the matrix P of Eq. 3
and Z = diag(σ
2 ). 
where the orthogonal 2 × 2 matrix A is the so called mixing matrix and the rows of 2 × 46 matrix S contain the independent components (with unit variances). The ICA algorithm finds the matrix A in an iterative process by minimizing the entropies of the independent components. The independent components are maximally non-Gaussian, because the Gaussian distribution has the greatest entropy among all distributions with the same variance. Using Equations 6 and 7 the the original data matrix can be approximated as
where the row vectors in the matrix AZ −1 V T can be interpreted as the spatial modes (SM) corresponding to the two independent components (in analogous way with the matrix V 
where IC1(i) and IC2(i) are the two independent components for year i and SM1(j) and SM2(j) are the corresponding spatial mode coefficients for station j.
ICA could also be directly applied to the original data matrix, but the ensuing ICs are not ordered according to decreasing (or increasing) importance (fraction of total variance) and thereby do not reflect the physically most important processes. Rather, in this case, ICA tends to emphasize spikes in the data, which are highly non-Gaussian, but misses the physically relevant patterns. Instead, reducing first the dimension of the data by including only the two leading PCs in the ICA makes the two ICs also to include a large fraction (95%) of variance and the important physics. auroral latitudes, which is also related to the dip in EOF1(IHV) (Fig. 2) . Note also that the SM2(IHV) is generally larger than SM1(IHV). This means that the second IC has, on the average, a higher weight in the IHV indices than the first IC. This is opposite to A h indices for which the first IC is dominating. Before presenting the results we note that, of course, it is not physically reasonable that momentary geomagnetic activity should depend on a linear combination of B and v (or v 2 ).
The first and second IC

Relation to solar wind and IMF
Annual averages of the IMF intensity
Rather, the relation between geomagnetic activity and solar wind parameters is usually expressed in terms of different nonlinear coupling functions, e.g., Bv 2 . There are also many coupling functions involving, e.g., solar wind density and IMF vector orientation, but at the annual timescale they do not correlate any better with global geomagnetic activity than the simple function 
The first term on the right hand side determines the average value of the coupling function CMEs carried strong magnetic fields and were very fast.
Relation to CMEs and HSSs
The ICA spatial modes in Figure 9 have a quite similar latitudinal patterns as the average distributions of the A hs and IHV s indices during CMEs and HSSs depicted in and HSSs into account, we estimate the CME and HSS contributions to global geomagnetic activity by calculating the quantities
where Ap CM E ( Ap HSS ) is the annual average of the Ap index values observed during CMEs (HSSs) and f CM E (f HSS ) is the annual fraction of CMEs (HSSs) in the solar wind, and plotting them in Figure 11 . As expected, the first ICs (see Fig. 7 ) are very highly correlated with the CME contribution (cc(IC1(Ah)) = 0.92, p = 5.7 · 10 −19 ; cc(IC1(IHV)) = 0.93, p = 3.3 · 10 −20 ) and the second ICs (see Fig. 8 ) with the HSS contribution (cc(IC2(Ah)) = 0.88, p = 4.7 · 10 −16 ; cc(IC2(IHV)) = 0.90, p = 4.9 · 10 −17 ). This gives strong evidence that the first and second ICs indeed represent the contribution of CMEs and HSSs, respectively, to geomagnetic activity. There are some small differences, e.g., between the second ICs and the HSS contribution, especially in 1989, when the HSS contribution shows a deep minimum but the second ICs only a shallow minimum. These differences are most likely related to the numerous gaps in the solar wind satellite measurements in 1980s and early 1990s, causing larger inaccuracy in solar wind classification and in the annual CME and HSS fractions at those times [Richardson and Cane, 2012] .
Since the two ICs represent the CME and HSS contributions to geomagnetic activity, the corresponding IC spatial modes quantify the weights by which CMEs and HSSs contribute to the local geomagnetic activity at the different stations. Although the spatial modes of A hs and IHV s indices (see Fig. 9 ) have a fairly similar latitudinal variation, the SM2(IHV)
is at considerably higher level than SM2(Ah), indicating that the relative contribution of HSSs is, on an average, greater to the IHV s indices than to the A hs indices. in the night sector [Tanskanen et al., 2005 [Tanskanen et al., , 2011 . This is also consistent with the results by Finch et al. [2008] who showed that correlation between geomagnetic activity and solar wind speed maximizes in the night sector at auroral latitudes. On the other hand, the A hs indices measure all local times and are thus not solely dominated by substorms even at auroral latitudes, which decreases the relative importance of HSSs in the A hs indices.
Because of the strong dominance of HSSs, the IHV s indices at auroral latitudes have a slightly higher EOF2 and a smaller EOF1 (see Fig. 2 ), as discussed in Section 3.2.
In order to exclude the possibility that the spatial modes obtained by the independent component analysis are artifacts of the method, we have fitted coefficients α and β for A hs and IHV s indices of different stations so that
where B s and v 2 s are standardized IMF strength and squared solar wind speed, respectively.
The coefficients α Ah (α IHV ) and β Ah (β IHV ) are solved using the standard least squares fitting method. As seen in Fig. 12 , coefficients of Eq. 13 have the same latitudinal variation as the ICA spatial modes (Eq. 8). Thus, the coefficients α Ah (α IHV ) and β Ah 
Conclusions
In this paper we have studied the spatio-temporal evolution of geomagnetic activity in 1966-2011 using local A h and IHV indices of 26 stations covering a wide range of latitudes. We analyzed the indices using the principal component analysis method and confirmed that our recent results for the A h indices [Holappa et al., 2014] also hold for IHV indices, i.e., that the first PC describes global average geomagnetic activity and the second PC the deviations from the global average caused by high speed streams.
We used the independent component analysis method to rotate the two first PCs into two independent components (ICs). The spatial modes of the two ICs clearly correspond to the distribution of the indices during CMEs (first mode) and HSSs (second mode).
The two first ICs were found to match very well with the CME and HSS contributions to global geomagnetic activity. We also found that the first IC and the second IC correlate very highly with the IMF strength and the solar wind speed, respectively. This is due to the fact that high values of the IMF strength mainly dominate the (larger than average) driving of geomagnetic activity during CMEs while high solar wind speed dominates the driving during HSSs.
We found essentially similar results both for A h , which include all local times and for IHV indices, which only include the night sector. This shows that the residual Sq variation in the A h indices has no major effect to the main results. It is also very reassuring that the same results can be found using indices which define geomagnetic activity quite differently: the A h being a traditional range index, the IHV index using hourly absolute differences. Despite all these differences between the two indices, the PC and IC methods are able to find essentially the same information about the solar wind drivers. 1965 1970 1975 1980 1985 1990 1995 
